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The HIV-1 RNA genome is a dimer which consists of two identical strands of RNA linked near their 5* ends by a dimer
linkage structure (DLS). We have structurally characterized full-length HIV-1 genomic RNA isolated from HIV-1 virions by
electron microscopy. As in other retroviruses, the HIV-1 RNA genome contains a central dimer linkage structure and
additional loop structures within each monomer subunit. In contrast to the DLS of other retroviruses, the DLS region of
HIV-1 contains a loop of 323 { 44 nucleotides. The free 5* ends of the two RNA strands were not visualized, suggesting
that the 5* end regions are involved in interstrand complementary base pairing. Computer modeling identified a single stable
structure that was consistent with the electron microscopy data. In this model, the two RNA strands are linked at their 5*
ends by two contact points derived from ‘‘kissing–loop’’ interactions between r-u5 and SL1 stem–loops and their counterparts
on the second strand. These interactions may contribute to the formation of stable HIV-1 RNA dimers in vivo. q 1997
Academic Press
INTRODUCTION are also important for HIV-1 RNA encapsidation (Lever
et al., 1989; Darlix et al., 1990; Berkhout and van Wamel,
The HIV-1 RNA genome is a dimer which consists of 1996; McBride and Panganiban, 1996), suggesting that
two identical strands of RNA linked near their 5* ends by dimerization and encapsidation are likely to be closely
a dimer linkage structure (DLS). As in other retroviruses, related events. RNA secondary structures that function
dimerization of the genomic RNA is important for several in cis during in vivo encapsidation (McBride and Pangani-
steps in the virus life cycle, including encapsidation, re- ban, 1996) are also selectively recognized in vitro by the
verse transcriptation, recombination, and inhibition of nucleocapsid (NC) protein (Clever et al., 1995). HIV-1 RNA
translation (Darlix et al., 1990; Hu and Temin, 1990; Bau- may be packaged in its dimeric form (Fu et al., 1994), but
din et al., 1993). Electron microscopy studies have local- whether dimerization is required for encapsidation is not
ized the DLS of other retroviruses such as Moloney mu- yet resolved. A previous study suggested that the pack-
rine leukemia virus (MuLV) and Rous sarcoma virus (RSV) aged RNA dimer becomes more stable during virus matu-
to within the first 500 nucleotides of the 5* end in vitro ration (Fu et al., 1994).
(Prats et al., 1990) and in vivo (Bender and Davidson, The molecular interactions which form the HIV-1 DLS
1976; Kung et al., 1975, 1976; Bender et al., 1978; Murti
are not known. Based on in vitro studies, it has been
et al., 1981). These studies have demonstrated an X- or Y-
proposed that dimerization is initiated through a ‘‘kiss-
type DLS is located approximately 300 to 500 nucleotides
ing–loop’’ interaction by interstrand complementary base
from the 5* end. The native DLS of full-length HIV-1 geno-
pairing through a six-base palindrome in the loop of amic RNA has not been visualized. In vitro studies indicate
specific RNA stem–loop structure designated SL1that regions which are important for the dimerization of
(Laughrea and Jette´, 1994; Paillart et al., 1994; SkripkinHIV-1 RNA are located immediately proximal to the major
et al., 1994; Muriaux et al., 1995; Clever et al., 1996;splice donor (Laughrea and Jette´, 1994; Paillart et al.,
Haddrick et al., 1996; Laughrea and Jette´, 1996a). Ac-1994; Skripkin et al., 1994; Muriaux et al., 1995) and be-
cording to this model, RNA–RNA interaction through thetween the major splice donor and the gag initiation codon
self-complementary nucleotides G257CGCGC262 of HIV-(Darlix et al., 1990; Marquet et al., 1991). These regions
1LAI or nucleotides G274UGCAC279 of HIV-1MAL initiates
dimerization, which may then be stabilized by the forma-
tion of an extended intermolecular duplex (Clever et al.,1 To whom correspondence and reprint requests should be ad-
dressed at Stefan Ho¨glund: Department of Biochemistry, Biomedical 1996). A second region located between the major splice
Center, Box 576, 751 23 Uppsala, Sweden. Fax: /46 18 55 21 39. E- donor and the gag initiation codon, which has been re-mail: stefan.hoglund@biokem.uu.se. Dana Gabuzda: Dana-Farber Can-
ferred to as the 3* dimer linkage structure (3* DLS) (Pail-cer Institute, JF712, 44 Binney Street, Boston, MA 02115. Fax: (617) 632-
3113. E-mail: dana_gabuzda@dfci.harvard.edu. lart et al., 1994; Laughrea and Jette´, 1996a, b), may be
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important for subsequent stabilization of the dimer link- HIV-1 gag/pol(/) riboprobe of minus-strand polarity as
described (Goncalves et al., 1996). HIV-1 RNA in eachage (Darlix et al., 1990). Earlier reports proposed an alter-
native model for HIV-1 RNA dimerization through the for- fraction was quantitated by gel densitometry of the auto-
radiograms.mation of interstrand purine quartets (Marquet et al.,
1991; Sundquist and Heaphy, 1993). However, subse-
Electron microscopyquent studies have argued against this model (Fu et al.,
1994; Laughrea and Jette´, 1994; Skripkin et al., 1994; HIV-1 RNA was isolated from pelleted virions by purifi-
Muriaux et al., 1995; Haddrick et al., 1996). cation on sucrose gradients as described above. RNA
In this study, we examine the ultrastructure of full- samples were denatured in a final concentration of 2.5
length HIV-1 genomic RNA isolated from HIV-1 virions M urea and 50% formamide (Spectrograde, Ultrapure
by electron microscopy. Our studies show that the DLS agent; IBI Chemicals, New Haven) by incubation for 1 hr
region contains a loop of 323 { 44 nucleotides. In con- at room temperature. Bovine cytochrome c (Sigma Type
trast to the DLS of other retroviruses, an X- or Y-type V) was added to a final concentration of 30 mg/ml and
structure derived from overlapping free 5* ends was not samples were kept on ice prior to spreading on carbon-
visualized, suggesting that a region near the 5* end is coated, hydrophilized grids within 30 min as described
likely to be involved in interstrand complementary base (Bender and Davidson, 1976). The grids were stained
pairing. Computer modeling predicts that a DLS structure with uranyl acetate (11 1004 M), rinsed with 95% ethanol,
consistent with our electron microscopy data can be dried, and rotary shadowed with platinum. Specimens
formed by kissing–loop interactions between r-u5 and were analyzed at /607 to 0607 tilt angles with a Zeiss
SL1 stem–loops and their counterparts on the second CEM 902 electron microscope equipped with a goniome-
RNA strand. ter stage at an acceleration voltage of 80 kV. Selected
structures were evaluated at different tilt angles. Compu-
MATERIAL AND METHODS
terized length measurements were performed by com-
Isolation of HIV-1 genomic RNA parison with the relaxed form of fX174 RFII DNA (New
England Biolabs, Beverly, MA) (Sanger et al., 1978) asHIV-1 infection of CEM cells was initiated by cocultiva-
an internal standard.tion with COS-1 cells transfected with HXB2 DNA as
described (Goncalves et al., 1996). Cultures were main-
Computer modeling
tained in RPMI plus 10% fetal calf serum and virions were
harvested from 12-hr culture supernatants between Days Potential secondary structures in the 5* end of the
14 and 21 after infection. Cellular debris was removed genomic RNA of HIV-1HXB2 and other HIV-1 strains were
from the culture supernatants by centrifugation at 3000 evaluated using Mfold-Phylo following alignment of the
rpm for 10 min and filtration through a 0.45-mm Millipore nucleotides by Pileup (University of Wisconsin Genetics
filter. Virions were pelleted by centrifugation through a Computer Group) (Jaeger et al., 1989; Zucker, 1989).
cushion of 20% sucrose in PBS at 125,000 g for 90 min
at 47 in a Beckman SW 28 rotor. Virion pellets were resus- RESULTS
pended in 500 ml virion lysis buffer (50 mM Tris, pH 7.5,
Ultrastructure of HIV-1 genomic RNA100 mM NaCl, 1 mM EDTA, 1% SDS), incubated with 200
mg/ml proteinase K for 30 min at 377, extracted twice with To isolate HIV-1 genomic RNA for analysis by electron
phenol–chloroform, and ethanol precipitated. RNA was microscopy, RNA was extracted from pelleted virions and
pelleted by centrifugation, dissolved in 50 ml of TNE – purified on 5 to 25% sucrose gradients. Northern dot blot
SDS buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 10 mM analysis using an HIV-1 gag/pol riboprobe showed that
EDTA, 1% SDS) by overnight incubation at 47, and stored most of the HIV-1 RNA was contained in fractions 2 to 6
at0707. RNA samples were layered over 5–25% sucrose (Fig. 1). Based on these results, the RNA in fractions 2
gradients prepared in TNE–SDS buffer and centrifuged to 6 was pooled for analysis by electron microscopy. The
at 40,000 rpm for 2 hr at 187 in a SW 55 rotor. Fractions purified HIV-1 RNA was partially denatured and spread
(0.25 ml) were collected and fractions 2 through 6 were onto grids. We initially determined optimal denaturing
pooled. The RNA in the pooled fractions was ethanol conditions for spreading and visualization of the RNA
precipitated twice to remove the SDS and resuspended molecules by testing different concentrations of for-
in 50 mM triethanolamine, pH 7.6, for analysis by electron mamide / urea. We found that the optimal condition for
microscopy. partial denaturation and visualization of extended HIV-1
RNA dimers was 50% formamide / 2.5 M urea, consis-
Northern dot blot analysis of HIV-1 RNA tent with previous electron microscopy studies of MuLV
and RSV viral RNA (Murti et al., 1981). These spreadingHIV-1 RNA was detected in fractions of 5 to 25% su-
crose gradients by Northern dot blot analysis using an conditions produced full-length extended RNA dimers
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otides was frequently observed between approximately
3400 and 4000 nucleotides and between approximately
5200 and 5800 nucleotides from one or both 3* ends
(Figs. 2A and 2C and data not shown). Occasionally, a
spike structure was also observed within a monomer
subunit (Figs. 2C and 2D, indicated by S), with a size
ranging from 200 to 300 nucleotides. Similar loop and
spike structures have been observed in genomic RNA of
MuLV and other retroviruses under partially denaturing
conditions (Kung et al., 1975; Murti et al., 1981).
HIV-1 dimer linkage structure
To further examine the structure of the HIV-1 dimer
linkage, we obtained high-magnification views at differ-
ent tilt angles from /607 to 0607 (Fig. 3). By this method,
FIG. 1. Isolation of HIV-1 genomic RNA on 5–25% sucrose gradients. selected structures of the RNA molecules were visual-
HIV-1 RNA was isolated from pelleted virions as described under Mate-
ized at different angles, thus allowing detailed structuralrials and Methods and purified by sedimentation on 5 to 25% sucrose
analysis and length measurements. The HIV-1 DLS re-gradients. HIV-1 RNA in each fraction was detected by Northern dot blot
analysis and quantitated by gel densitometry of the autoradiograms. gion was shown to contain a closed loop structure (Fig.
3). The contour of the loop appeared smooth and free
5* ends forming an X- or Y-type structure were never
(Fig. 2). Denaturation in 40% formamide / 2 M urea re-
observed. The size of the DLS-associated loop was 323
sulted in predominantly tightly coiled molecules that { 44 nucleotides (mean { SD; n  11) and ranged from
were too condensed for structural evaluation and mea-
268 to 400 nucleotides (Table 1).
surements (data not shown). Denaturation in 60% for-
mamide / 3 M urea caused many of the RNA dimers to Computer modeling of the HIV-1 DLS
dissociate (data not shown).
The HIV-1 RNA dimers spread from 50% formamide / We next attempted to evaluate models that could ac-
count for the electron microscopy data which suggested2.5 M urea were generally visualized as linear structures
with a length distribution ranging from 18,249 to 19,071 that two primary contact points contribute to stable dimer
formation. Comparative analysis of potential secondarynucleotides and mean length of 18.6 { 0.255 kb (mean
{ SD; n  24) (Fig. 2; Table 1). This size corresponds to structures of multiple aligned sequences is often valu-
able in identifying conserved and functionally importantthe known length of two HIV-1 genomic RNA molecules.
Occasionally, RNA monomers ranging in length from secondary structures (Woese and Pace, 1993; McBride
and Panganiban, 1996). Our overall strategy was to first9035 to 9703 nucleotides were visualized (data not
shown). These monomers were most likely generated align the putative dimerization region of multiple replica-
tion-competent HIV-1 sequences and then determinedue to the partially denaturing conditions, since HIV-1
virions have been shown to almost exclusively contain whether potential hydrogen-bonded nucleotides that
contribute to specific secondary structures are con-dimeric genomic RNA (Fu et al., 1994). To confirm that
the 18- to 19-kb RNA molecules were dimers, the RNA served among all HIV-1 strains. In addition to several
members of the clade B group to which HIV-1HXB2 be-samples were incubated at 657C for 10 min prior to
spreading onto grids, since these conditions have been longs, we analyzed more divergent HIV-1 strains includ-
ing eli, z2z6, and cpz. Following alignment of the nucleo-shown to completely disrupt the dimer linkage (Fu et al.,
1994). After heat denaturation at 657C, only molecules of tides using Pileup, potential RNA secondary structures
were evaluated using Mfold-Phylo (Jaeger et al., 1989;approximately 9.4 kb were present (Table 1). These re-
sults demonstrate that the HIV-1 RNA molecules shown Zucker, 1989). Mfold-Phylo is a powerful way to specifi-
cally evaluate individual nucleotide pairs that may bein Fig. 2 are dimers.
Visualization of HIV-1 RNA dimers demonstrated a hydrogen bonded. Using this approach, potential second-
ary structures that are present in a reference RNA se-central dimer linkage structure which was associated
with a small loop (Fig. 2; Table 1). Additional structural quence (i.e., HXB2) are progressively evaluated by com-
parison of potential secondary structures in the alignedfeatures of HIV-1 RNA dimers were loop or spike struc-
tures within each monomer subunit (Fig. 2, indicated by related sequences.
Based on the analysis of 10 divergent HIV-1 strains,L or S). However, the number and distribution of these
additional structures varied between different RNA mole- computer modeling identified a single stable structure
that was consistent with the electron microscopic data.cules. A small loop structure of approximately 300 nucle-
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FIG. 2. Electron micrographs of full-length HIV-1 RNA dimers isolated from virions. (A–E) A central dimer linkage structure (DLS) associated with
a small loop and additional loop structures (L) within the monomer subunits are visualized. Occasionally, a spike structure (S) is detected in the
extended RNA molecule. In E, the relaxed form of fX174 RF II DNA used as a reference (R) for length measurements is shown. Bars, 100 nm.
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FIG. 2—Continued
This model is presented in Fig. 4. According to this
model, the RNA of each of the HIV-1 strains has the
potential to form extensive and stable intermolecular hy-
TABLE 1
Contour Lengths of HIV-1 RNA Structural Features
Structure na Lengthb
Monomer c 22 9465 { 184
Dimer 24 18643 { 255
DLS-associated loop 11 323 { 44
Position of DLS-associated loopd 11 9242 { 291
a Number of molecules analyzed by computerized length measure-
ments.
b Length in nucleotides, mean { standard deviation. FIG. 3. High-magnification electron micrographs of the HIV-1 DLS
showing a closed loop structure. The DLS structures shown in A, B, andc Monomer lengths were measured in samples denatured by heating
at 657 for 10 min. C are higher magnification views of the full-length molecules shown in
Figs. 2C, 2D, and 2E. (D and E) DLS of an RNA dimer viewed at 0307d Position of the DLS loop as determined by measuring the length
in nucleotides from the ends. (left) and /607 (right) tilt angles. Bar, 100 nm.
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FIG. 4. Secondary RNA structure model for the HIV-1 DLS-associated loop. The r-u5 and SL1 hairpins form the initial contact points between the
two RNA strands. These initial contacts are followed by intermolecular hydrogen bonding between the nucleotides that were originally situated
within the stem regions of the two hairpins. By this mechanism, a loop of 354 nucleotides is formed. The gag initiation codon, primer binding site
(pbs), and the TAR, SL3, and SL4 hairpins are indicated. SL1xSL1 indicates the SL1 nucleotide sequence that has been previously shown to initiate
dimerization through a kissing – loop interaction.
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drogen bonded regions that are derived from parallel pairing between inverted repeat sequences, but precise
localization of these structures and whether they haveinteractions between two hairpin structures that have
been previously referred to as stem–loop 1 (SL1) and any functional significance remains to be determined.
Regions of the HIV-1 genome outside of the primary DLSthe ‘‘r-u5 stem-loop’’ (SL r-u5) and their counterparts on
the second RNA. also contribute to the ultimate stability of the dimer (Sa-
kuragi and Panganiban, in press). However, based onSL1 appears to account for HIV-1 dimer formation in
vitro via a kissing–loop interaction (Laughrea and Jette´, our data, these additional individual RNA interactions
must be weaker than those which form the DLS or loop1994; Paillart et al., 1994; Skripkin et al., 1994; Muriaux
et al., 1995; Clever et al., 1996; Haddrick et al., 1996; junctions in vivo.
Based on our electron microscopy studies and com-Laughrea and Jette´, 1996a). The model presented in Fig.
4 is consistent with this role for SL1. Formation of the puter modeling of the 5* leader, we propose the following
model for HIV-1 RNA dimerization. There are two primarydimer would involve initial interaction between palin-
dromic sequences in both the hairpin loops of SL r-u5 contact points which contribute to stable dimer forma-
tion. The physical linkages are formed by kissing–loopand SL1. These initial contacts would then be followed
by more substantial intermolecular hydrogen bonding be- interactions between the r-u5 and SL1 stem–loops and
their counterparts on the second strand. Additional inter-tween the nucleotides that were originally situated within
the stem regions of the two hairpins. This interaction molecular hydrogen bonding between the two TAR hair-
pins might further contribute to stabilization of the dimer.would result in a dimeric molecule that forms a circular
region of 354 nucleotides. The linkage sites themselves In this model, each RNA strand contributes approxi-
mately 170 nucleotides to the DLS-associated loop. The-would be composed principally of local extensive anti-
parallel double-stranded regions, but the two full-length oretically, it is possible that an asymmetric model could
also account for the formation of a DLS-associated loop.RNA strands would be arranged in a parallel configura-
tion. In this model, the strands would be linked by intermolec-
ular interactions between r-u5 regions and a loop would
be formed by intramolecular interactions within a singleDISCUSSION
strand due to complementarity between a region immedi-
ately downstream of the r-u5 hairpin and a region in gag.In this study, we have structurally characterized geno-
mic RNA isolated from HIV-1 virions. Our studies show However, computer modeling using Mfold-Phylo pre-
dicted that such interactions would probably not be sta-that HIV-1 genomic RNA shares several structural fea-
tures with other retroviruses. These include a dimeric ble enough to be retained under the denaturing condi-
tions used for spreading in our study (data not shown).structure, a central dimer linkage, and additional loop
structures within each monomer subunit. A novel feature Moreover, this model would not be consistent with the
symmetric DLS structure which has been demonstratedof the HIV-1 genome demonstrated in our studies is the
structure of the DLS. In contrast to the DLS of other in other retroviruses.
Our prediction that the SL1 stem–loop is a contactretroviruses, the DLS region of HIV-1 contains a loop of
323 { 44 nucleotides. An X- or Y-type structure derived point between the two strands of HIV-1 RNA dimers is
consistent with previous studies which have demon-from overlapping free 5* ends was not visualized, sug-
gesting that the 5* end regions are likely to be involved strated a critical role for SL1 in initiating dimer formation
in vitro and with the SL1 kissing–loop model for dimeriza-in interstrand complementary base pairing. These results
suggest that two discrete contact points within the 5* tion (Laughrea and Jette´, 1994; Paillart et al., 1994; Skrip-
kin et al., 1994; Muriaux et al., 1995; Clever et al., 1996;leader of each RNA strand are likely to contribute to
stable dimer formation. Our electron microscopy data Haddrick et al., 1996). However, our prediction that the
r-u5 stem–loop contributes to stable dimer formationand computer modeling suggest that these two contact
points are derived from kissing–loop interactions be- contrasts with other in vitro studies. Clever et al. (1996)
reported that small HIV-1 RNA fragments can form di-tween r-u5 and SL1 stem–loops of each RNA strand.
This appears to be a unique structural feature of HIV-1 mers in vitro with a DLS that morphologically resembles
the Y-type structure described for other retroviruses.genomic RNA, since the DLS of other retroviral genomes
appears to involve a single contact point. Interestingly, However, these findings do not exclude the possibility
that additional interactions may be required to stabilizethe dimeric genome of BKD, an endogenous baboon vi-
rus, has been reported to have two contact regions in the DLS of full-length HIV-1 genomic RNA (Berkhout and
van Wamel, 1996; Das et al., 1997), particularly since thethe 5* region (Kung et al., 1976; Bender et al., 1978).
However, these regions are located further downstream RNA fragments did not contain the entire r-u5 region.
Other in vitro studies of HIV-1 RNA fragments have sug-from the cap site, leaving two free 5* ends. The additional
loop and spike structures visualized within monomer gested that the r-u5 region contains a dimer-promoting
sequence referred to as the 5* DLS, but does not contrib-subunits of some HIV-1 dimers are probably due to base
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deficiency virus type 1 RNA form defined structural domains. J. Mol.ute to the stability of dimeric RNA fragments containing
Biol. 229, 382–397.the SL1 loop (Laughrea and Jette´, 1996a, b). There are
Bender, W., and Davidson, N. (1976). Mapping of poly(A) sequences in
several possible explanations which could account for the electron microscope reveals unusual structure of type C oncor-
differences between these in vitro studies and our stud- navirus RNA molecules. Cell 7, 595–607.
Bender, W., Chien, Y.-H., Chattopadhyay, S., Vogt, P. K., Gardner, M. B.,ies of full-length HIV-1 RNA isolated from infectious viri-
and Davidson, N. (1978). High-molecular-weight RNAs of AKR, NZB,ons. One possibility is that the r-u5 region is only im-
and wild mouse viruses and avian reticuloendotheliosis virus allportant for dimerization or dimer stabilization in the
have similar dimer structures. J. Virol. 25, 888–896.
context of a full-length RNA genome. An alternative pos- Berkhout, B., Klaver, B., and Das, A. T. (1995). A conserved hairpin
sibility is that interactions between corresponding r-u5 structure predicted for the poly(A) signal of human and simian immu-
nodeficiency viruses. Virology 207, 276–281.stem–loops may require additional factors. For example,
Berkhout, B., and van Wamel, J. L. B. (1996). Role of the DIS hairpin inthe NC protein promotes annealing of RNA and acceler-
replication of human immunodeficiency virus type 1. J. Virol. 70,ates RNA dimerization in vitro (Darlix et al., 1990; Prats
6723–6732.
et al., 1990). Thus, NC might enhance interactions that Clever, J., Sassetti, C., and Parslow, T. (1995). RNA secondary structure
stabilize the DLS of HIV-1 genomic RNA in vivo. Muta- and binding sites for gag gene products in the 5* packaging signal
of human immunodeficiency virus type 1. J. Virol. 69, 2101–2109.tions in the r-u5 stem–loop significantly inhibit HIV-1 rep-
Clever, J. L., Wong, M. L., and Parslow, T. G. (1996). Requirements forlication and the r-u5 stem–loop is required for efficient
kissing-loop-mediated dimerization of human immunodeficiency vi-encapsidation in vivo (Berkhout et al., 1995; Das et al.,
rus RNA. J. Virol. 70, 5902–5908.
1997; McBride et al., in press). Furthermore, the r-u5 Darlix, J.-L., Gabus, C., Nugeyre, M.-T., Clavel, F., and Barre´-Sinoussi,
stem–loop is conserved in all subgroups of the HIV-SIV F. (1990). Cis elements and trans-acting factors involved in the RNA
dimerization of the human immunodeficiency virus HIV-1. J. Mol. Biol.family (Berkhout et al., 1995). It is tempting to speculate
216, 689–699.that the DLS-associated loop demonstrated in our stud-
Das, A. T., Klaver, B., Klasens, B. I. F., van Wamel, J. L. B., and Berkhout,ies might be important for RNA packaging, since the RNA
B. (1997). A conserved hairpin motif in the R-U5 region of the human
sequences involved in dimerization and encapsidation immunodeficiency virus type 1 RNA genome is essential for replica-
partially overlap (Berkhout and van Wamel, 1996; tion. J. Virol. 71, 2346–2356.
Feng, Y.-X., Copeland, T. D., Henderson, L. E., Gorelick, R. J., Bosche,McBride and Panganiban, 1996). Consistent with this hy-
W. J., Levin, J. G., and Rein, A. (1996). HIV-1 nucleocapsid proteinpothesis, mutations in the 5* TAR or r-u5 stem loop re-
induces ‘‘maturation’’ of dimeric retroviral RNA in vitro. Proc. Natl.gions have been shown to significantly reduce HIV-1
Acad. Sci. USA 93, 7577–7581.
RNA encapsidation (Helga-Maria et al., 1996; Das et al., Fu, W., Gorelick, R. J., and Rein, A. (1994). Characterization of human
1997; McBride and Panganiban, in press). immunodeficiency virus type 1 dimeric RNA from wild-type and prote-
ase-defective virions. J. Virol. 68, 5013–5018.Dimerization of the HIV-1 RNA genome plays a critical
Fu, W., and Rein, A. (1993). Maturation of dimeric viral RNA of moloneyrole in both early and late steps of the HIV-1 life cycle
murine leukemia virus. J. Virol. 67, 5443–5449.and is therefore an attractive target for antiviral therapy.
Goncalves, J., Korin, Y., Zack, J., and Gabuzda, D. (1996). Role of Vif in
Understanding the biochemical interactions and RNA se- human immunodeficiency virus type 1 reverse transcription. J. Virol.
quences involved is an important step toward elucidating 70, 8701–8709.
Helga-Maria, C., Hammarskjold, M.-L., and Rekosh, D. (1996). Impor-the mechanisms involved in HIV-1 RNA dimerization. Fur-
tance of the very 5*-end of the HIV-1 genome for efficient packagingther elucidation of these mechanisms may also provide
into virions. In ‘‘Retroviruses ‘96,’’ p. 253. Cold Spring Harbor Labora-insights into other critical functions of the 5* RNA leader,
tory Press, Cold Spring Harbor, NY.
such as the packaging of viral RNA and the regulation Haddrick, M., Lear, A. L., Cann, A. J., and Heaphy, S. (1996). Evidence
of reverse transcription. that a kissing loop structure facilitates genomic RNA dimerisation in
HIV-1. J. Mol. Biol. 259, 58–68.
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